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ABSTRACT

Calculations of mixing conditions in the vapor reaction system
established criteria for reactor design. Gas mixing was optimized by
jet action and vapor phase production of zinc orthotitanate has been
accomplished.

descriptors:

Thermal control space-stable pigments, Vapor phase, Nucleation,
Zinc Orthotitanaste, Ceramics, Gas mixing calculations.

ii




FOREWORD

This report was prepared by The Ohio State University Research
Foundation, under NASA Contract No. NAS8-21317, entitled, "Preparation
of Pigments for Space-Stable Thermal Control Coatings." This report
covers the period from September 30, 1970 through January 31, 1971

Major contributors to the program during this period were
Dr. William B. Campbell, Principal Investigator; S. G. Nychas for mix-
ing studies and reactor design, R. G. Smith and J. E. Seaver for vapor
phase apparatus development and powder production.

Respectfully submitted,
0SU Research Foundation

William B, Campbell, Ph.D,
Associate Professor

Approved:

Ve
- /o
2

Y A P ,{’,f’
: \/I'M'\/( C V/@W\ﬁﬁ

Executive Directof}
0OSU Research Foundation

iii




SUMMARY

Two major limitations previously found to retard the production
of multiple oxides and rare earth compounds; gas mixing and halide
generation have been studied. Calculations of mixing conditions estab-
lished the criteria for reactor design. This design has been incor-
porated into an existing furnace and zinc orthotitanate produced.
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PREPARATION OF PIGMENTS FOR SPACE-STABLE THERMAL CONTROL COATINGS
I. INTRODUCTION

The development of vapor phase technology in the preparation of
space-stable pigments has been demonstrated by the production of rutile
powders having discrete morphology [1,2]. Systematic variations of
particle size were controlled with hot zone temperature, residence time,
and injector design [2]. The current investigation was designed to
study the production of stable pigments for thermal control coatings.
Materials include zinc titanates, calcium tungstate and lanthanum oxide.

Two major limitations retarding the production of multiple oxides
and rare earth compounds; gas mixing and halide generation have been
studied. A detailed mixing study has been performed and a reactor
designed from the results of this study. Halide generation problems
have been alleviated by the utilization of metallo-organic compounds
and/or localized induction heating.




II. EXPERIMENTAL PROCEDURE

A. Reactor Design, Mixing and Heat Transfer

Prior experience in the area of particle production by vapor phase
reaction has shown that mixing of reactants was limited. To improve
the mixing of reactant gases, a detailed study was performed and the
results were used to design a reactor to provide suiteble mixing of the
gaseous species.

1. Thermodynamic and Transport Properties

The design of a reactor for the production of calcium tungstate,
CaW0y4, in a gas phase system was based on the overall reaction.

CaCls, + WCls + 7/2 Hy + LCO, = 4CO + CaWO4 + THC1 (1)

Energy balances, fluid mechanical, mixing and heat transfer calculations
require the knowledge of thermodynamic and transport properties. Den-
sities of reactants and products as well as heat capacities, viscosities,
thermal conductivities and mass diffusivities were calculated or esti-
mated whenever not available in literature. Classical thermodynamic
calculations for the subject systems have been presented in earlier
reports.

a. Viscosity

For the estimation of gas viscosity at low densities,
the following formula was used [3],

b= 2.6693 x 10°S \/—;%T)— (2)
K

in which p[=Jg em™ sec™!, T[=]°K, o[=]A and Q, is a slowly varying
function of the dimensionless temperature KT/c[4]. Values of ¢/K and
collision diameter, o, were calculated from

/K = 1.15 Ty, o = 1.166 (\Nrb)l/s (3)

liqg

in which ¢/K and T, are in °K, o[=1A, and %[:]cm8 (g-mole)™1. For
multicamponent gas mixtures, the semi-empirical formula of Wilke [5]
was used.
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and n is the number of chemical species in the mixture; xj and x; are
the mole fractions of species i and j; py M3 and M;, Mj are the vis-
cosities and molecular weights respectively.

b. Thermal Conductivity

The Eucken approximation for estimating thermal conduc-
tivity of a polyatomic gas at low density was used. [6]

k= (Cp+ 5/% R) p/y (6)
where
u = Vviscosity
M = molecular weight
R = gas content
Cp = heat capacity.

For a gas mixture (n-camponents),

n xs K
Kpix = 'El n;k;— (7)
= Z qu)ij
J=1

where X, Xj and 03 are as in equations (4) and (5).

¢. Mass Diffusivity

The following formula for the estimation of mass diffu-
sivity of gases at low density was used [7].
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(8)
where

Opp = 1/2 (UAfUB), (9)

T[=]°K, My, Mg are molecular weights of A and B, p[=]atm, o =14, Op
is a dimensionless function of temperature, and Dppl=] cm?/égc. A
summary of transport properties are listed in Table 1.

TABLE 1: ESTIMATED TRANSPORT PROPERTIES

Viscosity Mass Diff. T & Kinematic
Species H Dag empra ure Viscosity
g cm~t sec™! cm?/sec u/ps cm?/sec
CaCl, 3.49 x 1074 2,073 5.33 x 1072
WCls 6.20 x 1074 2,073 2.91 x 1072
CaCl,
(at p = 1.0 atm) 2,073
WC1le 0.37
o 8.0 x 1074 2,073
CO5 4,9 x 1074 2,073 3.26
COo 5.24 x 1074 1,598
H, 2.65 x 1074 1,598
ZnCl, 5.10 x 10™% 1,598
TiClg 4.60 x 104 1,598

2. Reactor Gas Mixing

Past experience in the area of gas phase particle production
[8] had shown that mixing of reactants was indeed limited. A detailed
study of this problem was undertaken to design a reactor which would
provide adequate mixing of the reactants and increase the product yield.
The example product was CaWO,, produced by the overall reaction.

L




CaCl, + WClg + 7/2 Hy + 4CO, = LCO + CaWO, + THC1 (10)

Thermodynamic calculations, previous experience and existing experimental
facilities dictated the choice of operating conditions, as well as the
reactor configuration. Fluid mechanical and mixing calculations deter-
mined the efficiency for the degree of mixing under the chosen operating
conditions and reactor configuration.

In Figs. 1 and 2, the proposed reactor configuration is shown.
One gas stream is camposed of O, + CO,, and the other gas stream is cam-
posed of CaCl, + WClg + Hp. Two heat sources were considered: an
induction furnace and a oxy-hydrogen flame. A preliminary reactor design
was based on stoichiometric reactant flow rates to give a first estimate
of reactor dimensions. Heat balance calculations gave information of
the additional flow rates of oxy-hydrogen flame. The oxy-hydrogen flame
would provide heat for the reaction and create instability and turbulance
at the central jet. Revised calculations based on the new rates provided
the final reactor configurations and dimensions.

Preliminary Reactor Design: The selected operating conditions

were:

Pressure: 0.5 atm
Temperature: 2,074°K
Gas flow rates:

CO, 800 cc/min (STP)

caCl, 200 ™ "
WC 15 200 1 1"t 1}
H2 700 1" 1" 1"

Stream 1 forms a jet issuing fram a 1/2" I.D. tube (central jet) with

a volumetric flow rate of V; = 1.2 x 10* cc/min'and an average issuing
velocity of v, = 1.57 x 10* cm/sec under the selected operating condi-
tions. Stream 2 is split into eight Jets issuing from eight l/h"
orifices (peripheral jets) with a total volumetric flow rate of

V, = 1.66 x 10% cc/min and an average issuing velocity of 1.11 x 102 cm/
sec.

The density and kinematic viscosity of Stream 2 was calculated
as P, = 2.18 x 10™* g/cc and v, = 1.7 cm®/sec respectively; and that of
Stream 1 as P; = 1.2 x 10™% gm/cc and v, = 3.26 cm®/sec, respectively.
Hence the Reynolds numbers of the jets are based on their issuing velo-
city and diameter.

Central jet: (Nge), = {20) (1/2 x 2.54) _ 19 (11)
3.2
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Figure 1. Proposed Reactor Configuration
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)y = (111) (1/h x 2.54) _ L1 (12)
1.70

Peripheral jets: (Nge

Since the transition Reynolds number for a free jet is approximately

30 [9], turbulent velocity fluctuations should be present outside of

the jets potential core. Assuming that Stream 1 has fully occupied

the cross sectional area of the divergent nozzle of the reactor (Fig. 1);
the time (equivalently, the length of the mixing zone) for a prescribed
degree of mixing may be determined.

The terminology of mixing may cause confusion, since there
is generally a free interchange of words (e.g., blending, mixing,
dispersion) and their meanings. Brodkey [10] defines "mixing to mean
any blending into one mass and mixture as a complex of two or more
ingredients which do not have a fixed proportion to one another and
which, however thoroughly camingled, are conceived as retaining a
separate existence". The ultimate in any mixing process is submicro-
scopic hamogeneity with molecules uniformly distributed over the field.
Molecular diffusion will always be the controlling factor and when it
is very slow, turbulence can speed up the diffusion by increasing the
transfer area. It is the dispersive action inherent in turbulence that
enhances the molecular diffusion.

Criteria characterizing the quality of mixing are defined
for the purpose of this report [17]; their mathematical treatments are
available elsewhere. [10-17]

Scale of segregation: A measure of the size of the urmixed
clumps of the pure camponents. As these clumps are dispersed, the
scale of mixing is reduced. A linear scale, Lg, is defined as

Y
Ly = /gs(r) dr (13)
where,
- >
a(x)a(x+r
o (r) - 23 2 G+ ) (1)
ats

and

a = c-c = concentration fluctuation

c = instantaneous concentration

¢ = time-average concentration

a' = rms fluctuation =NA.




A volume scale, Vg, is defined as

- BN
Vs =f2n r?gg(r) dr (15)
where -:{and ?are vector distances and r = |?| .

Intensity of segregation: The effect of molecular diffusion
on the mixing process is a measure of the difference in concentration
between neighboring clumps of fluid. The intensity of segregation 1is
defined as

1. = &2 (16)
alz
(o]

The intensity of segregation is unity for camplete non-mixing and equal
to zero when the mixture is perfectly uniform (a'2 = 0). Figure L is

a schematic representation of the scale and intensity of segregation
during a gas mixing process. [18]

The statistical theory of turbulence suggests the following
relations

where
t = time of mixing
7 = time constant
_ 5 2/s Lg 1/s o 1/2 )
and
v = kinematic viscosity = p/p[=]cm3/sec
Ny, = Schmidt nuwber = v/D
D~ = molecular mass diffusivity [=]cm®/sec
Lg = scale of segregation

The scale of segregation, Ly, can be estimated.

(_5_)2/3 (_L_S_)l/3 a2 0.341 ro

= o0 o (19)




Figure 3. Geometry Used for Mixing Calculations
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Figure 4. The Intensity and Scale of Segregation
During Mixing (18)
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A2 = 15vu'?/e (20)
where
A = a microscale of mixing
u' =~vu® = rms velocity fluctuation in the axial direction
In summary, the key to the mixing is the determination of
the time constant, t. Fram equation (17), the time of mixing may be
calculated for any desired value of the intensity of segregation Ig,

i.e., degree of mixing.

Mixing Calculations

Values of the intensity of segregation were calculated for
different values of the rms value of the axial velocity fluctuation,
u'. The geometry is shown in Figs. 1-3.

Two cases were considered:

(a) Mixing of the peripheral jets (1/4" nozzle) with
surrounding gas considered as stagnant. Three values of u' were
assumed; u, = 0.05V5, U = 0.025v, and ug = 0.0lv,, where v, = 110 cm/
sec. Corresponding time constants were calculated: ¢, = 0.236 sec,
15 = 0.472 sec, and 13 = 1.165. Figure 5 summarizes the results of-
this case where the intensity of segregation is plotted against time.

(b) Mixing of the central jet with surrounding gas
considered stagnant. Time constants of mixing were calculated as in
the preceeding case with v; = 157 cm/sec. The corresponding time
constants were calculated as: 1, = 0.110 sec, 15 = 0.332 sec and
T3 = 0.830 sec. TFigure 6 summarizes the results of this case.

The length of the reaction zone was calculated on the basis
of mixing time (for a given intensity of segregation and an average
flow velocity of both gas streams). For an 80% degree of mixing,
i.e., Ig = 0.2, and an average gas velocity of 23.5 cm/sec the time
of mixing was calculated as t = 1.875 sec. Taking N = 2%, the dimen-
sionless measure of mixing distance, o,

o= kou't (21)

drops from o = 6 to o = 4.5%, Hence the actual mixing time is

mix

4.5
t .. = 1.8 <——— = 1.40
[£) - ) 1.40 sec (22)

*[20]

11
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and the length of the mixing zone

Ly = (23.4 cm/sec) (1.4 sec) = 32.8 am . (23)

These preliminary reactor design data formed the basis for subsequent
reactor design.

Reactor Design

The rms value of the axial velocity fluctuation, u', varies
with distance downstream in the reactor. Moreover due to the spread-
ing of the central and peripheral jets, their average velocity also
varies with distance downstream in the reactor. The spreading of the
jets is not free, due to interactions of two adjacent peripheral jets
and the central jet. Thus, the flow field becomes extremely camplicated
and almost hopeless from an exact analytical point of view.

Semi-empirical approximations have been used as well as
reasonable simplifications to make the problem tenable. An energy
(heat) balance around the reactor established the heat requirements
being supplied by the oxy-hydrogen flame, thus revising the flow rates
in the central jet.

There is a wealth of information concerning free turbulence
and especially round free jets. [21-23] Figures 7 and 8 show the
nomenclature and configurations used in these calculations.

The jet issues with a velocity v, from an orifice with diam-
eter, d, into a stream with uniform velocigy vg. In the jet region,
the axial velocity component 7x is assumed to be composed of the velo-
city vg of the ambient stream and the velocity';l, which is the devia-
tion fram the velocity vg caused by the Jjet (Fig. 7). Close to the
orifice, the turbulent mixing zone has zero width W; this width W(x)
increases with increasing distance fram the orifice to a distance x.
where the mixing zone covers the entire jet (Fig. 8). If the velocity
distribution at the orifice is uniform, the velocity at the axis main-
tains its constant value vy up to this distance x.. Up to x,, the
jet contains a central potential cove region. Farther downstream the
velocity at the axis of the jet decreases with increasing distance.

The length of the core region, X,, is determined mainly by
the value of the ratio n = vs/vp; one empirical correlation [24] is:

% =4+ 124 (2k4)

The velocity of the jet at the axis decreases hyperbolical with increas-
ing downstream distance x,

14




= o ey o e

l

|

)

, I
Orifice ]
b

Figure 7.

Geometry Nomenclature for Round Jet

Figure 8, Geometry for Round Jet
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"1omex | Xe (25)

and the change in jet width, W, is given by

g = (f)l'u for x > Xo - (26)

The heat of reaction of the oxy-hydrogen flame was calculated
as: -60.298 Kcal/g-mole at T = 2,073°K. Fram the heat balance calcu-
lations around the reactor it was determined that the amount of heat
supplied by the oxy-hydrogen flame is

Qe = 4O Keal/nr (27)

Hence the volumetric flow rates were revised.

]

1.373 x 10* cc/min (28)
(T = 2,073°K, p = 0.5 atm)
V, = 2.005 x 10* cc/min (29)

Vi

and the corresponding Reynolds numbers were calculated to be
Npe, = 56.2; Npe_ = 37 (30)

Under these new flow conditions v, for the central jet was calculated

as vy = 179.5 cm/sec. Since p = vs/vp and downstream interaction
between central and peripheral jets occurs, it is obvious that pu

depends on x. An average value of y was estimated on the basis of two
limiting values of vg = 17.6 cm/sec and vg = ;§h cm/sec; for ppye = 0.223
the total velocity at the centerline, (vxio = vy + vg, Was calculated as

- 1,180 |

(V)o = =222 + 4O (31)
and the jet width as

W = 0.24 (x)°-777 (32)

where (;x) [=] cm/sec; x, w, [=] cm. The results are shown in
Fig. 9. "Similar calculations for the peripheral jets and available
data [25], gave x, = 8.5 cm, u = 0.61

16
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and

(7)o = 3L + 82 (33)

W = 0.294 (x)°-3° (34)

The results are shown in Fig. 10. The rms value u' was calculated
using aveilable data [26]. For the central jet and at a radial dis-
tence of r = 1 cm,

- 1.8 X 102 r . -
: (x - 1.02) \/gl<x - 1.02)’ [=] cn/sec (35)

where x[=]cm, and the function g was obtained fram reference [271].
Since those data were for much higher jet Reynolds number, the pre-.
dicted values of u' from equation [31] are rather high. Due to lack
of other date this calculation was retained for camparison. Hinze [28]
gives the following correlation for the axial (x-direction) eddy vis-

cosity, (Qm)xx'

(em)yx = 0-013 vpd; [=] em®/sec (36)

where Vp [=] cm/sec and 4 [=] cm.

The corresponding Reynolds (eddy) stresses are given by the
well known expression

T = ~(emdx o (37)

Using Figs. 9 and 10 or equations (27) and (29), the velocity gradients
at the centerline may be calculated. The following experssions for
u' for both the central and peripheral Jjets can be cbtained.

Central jet: u' = %? (38)

20.3
X

Peripheral Jjets: u!' =

(39)

18
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where x[=]em, u'[=]cm/sec. These results are summarized in Fig. 1l.

Tt is worth noticing that u' for the peripheral jets is lower than for
the central jet. Half way in the x-direction of a ~35 cm long reaction
zone, u' = 1.3 cm/sec; the velocity (v4), &t the same x is 100 cm/sec
[Fig. 10] or u' = 0.013 (vy)o-

Fram Fig. 11, one may graphically calculate a reactor length
for a chosen intensity of segregation. Additionally, an analytic solu-
tion was attempted. For gases, with the Sclmidt number very close to
unity, equations (18) and (19) give for the time constant, 7,

Lo 3 <3§i}_’2> (40)

2 ut

for ry = 1 inch = 2.54 cm, and for the central jet (equation 3)
T =0.022 x, x [=] cm and ¢ [=] sec. The intensity of segregation
becomes .

Ig(x,t) = exp [- = g22x ] ) (41)

The total volumetric flow rate (Streams 1 and 2) was

V = 1.373 x 10% + 2.005 x 10% = 3.378 x 10* cc/min = 5.62 x 10? cc/sec
(42)
Fram the geometry shown in Fig. 12, it is easily seen that R = 2.54

+ (1.27/L)x [=] em. If v = v(x) is the average velocity based on the
total cross sectional area,

ax _ vV [=] ce/sec _ 562
at R2 n(z.sh . L.e7 x>2
L

V(X) =

(43)

If L = 35 cm, equation (43) represents the intensity of segregation as

Hn

T(x) = exp [-0.279 (L.b - 1073%% + 9.2 + 1072¢ + 6.45)] = &7V

(L)

where x[=]jcm and 8.9 < x < 35. Table 2 lists the values of Is(x)
from equation (u4l4).

20
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TABLE 2: INTENSITY OF SEGREGA-
TION FROM EQUATION (L4k)

x[=]em s Ig = e~V
9 2.13 0.119
10 2.16 0.115
15 2.47 0.094
20 2.78 0.072
25 3.21 0.040
30 3.77 0.023
35 k.20 - 0.016

It is obvious from Table 2, that the calculation of time based on the
total cross-sectional ares gives high values for t, thus decreasing
the intensity of segregation very rapidly.

Recent research [29] in gas jet mixing suggested that the
length of the potential core x, =~ Lg = ry, &t least for the initial
period of mixing i.e., for O < x < Xc. A conservative calculation per-
formed on this basis resulted in the following. For the central jet
and 0 < X < X¢ = 8.9 cm, Ty = Xa, u' = 7 cm/sec, the u' close to the
end of the potential core TFig. 11], the time constant, 7, was calculated.

T = (0.341) (8.9 cm) = 0.43k4 sec (k5)

7 cm/sec

For the region: 8.9 < x < 35 am, ro = 2.5 inches = average of the two
diameters of 2" and 3". u' = 2 cm/sec (i.e., u' at the end of the
reaction zone) .

T = (0.341) (6.35 em) _ 7,07 sec (L6)

2 cm/sec

The results for the intensity of segregation and time are shown in
Pig. 13. A time for the.-central jet to travel the total length of the
reactor was calculated.

£ .. 89cm N (35-8.9) em _ 0.33 sec (b7)
179 cm/sec 93 cm/sec

(see Fig. 9)
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The corresponding intensity of segregation from Fig. 13 was Ig = 0.66,
or 34% mixing.

3. Reactor Mixing for Zn,TiO4
The proposed CaWO, reactor mixing performance is estimated

for the production on Zn,TiO, according to the reaction:

27nC1, + TiCly + UH, + 4CO, = ZnyTi0, + 8HCL + LCO (48)
The reactor configuration, gas flow rates, operating temperature and
pressure are given in Fig. 14. The amounts of O, and Hy in stream (1)
are the ones for the oxy-hydrogen flame and for the purpose of this
estimation they were based on a heat supply of Lo kcal/hr by the oxy-
hydrogen flame.

Gas flow rates

Stream (1):
ZnCl, 400 cc/min (STP)
Ho 2u8 " "
COs 400 " "
02 12)4 ] 1
Stream (2):

TiCl, 200 ce/min (STP)
Ho 800 " "

Temperature: 1,300°C
Pressure: 0.5 atm.

The volumetric flow rates of streams (1) and (2) at 1,300°C
and 0.5 cc/min were calculated as:

v, = (1,172) x (6?5) (léggg) =~ 12,480 cc/min (49)
Vs = (1,000) x (67§>(3§§%§) = 10,700 cc/min (50)

The corresponding velocities of the central jet, 71, and each of the
eight peripheral jets were calculated (at the operating temperature and
pressure)
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Figure 13. Mixing of Central Jet
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<1

_ (12,480 cc/min)
(2.53 em?) (60 sec/min)

= 82.3 cm/sec (51)

Vs = (8,460) = 5.60 cm/sec (52)
(0.315) (60) (8)

The kinematic viscosities of streams (1) and (2) were estimated as

©, = 1.77 em?/sec and Vs = 1.38 cm?®/sec (see Table 1) respectively.
The corresponding Reynolds number of the central jet was calculated as
Nn. = 59.

Re

Jet mixing estimation

Equation (24) with a ratio of velocities u = vs/v
= 56/82 = 0.68, gives for the length x. of the central jet core region.
xc = (b + 12 x 0.68) x (1.27) = 15.lk cm (53)

The velocity at the centerline of the jet (v, ), was calculated fram
equation (25) as:

(vx)o - vs Xe
X
P s

or

(Te)o = 220 + 565 x[=]em, (¥g)ol=lew/see (54)

Equation (36) for the eddy viscosity (ey)yy gave:
(ep)yx = (0.013) (82) (1.27) = 1.36 cm?®/sec (55)

From equation (54),

o _ . 10 (56)
dx X

which cambined with equ. (55) reduced equ. (31) to:

wl = + (1.36) 4oo _ 23.k [=]em/sec; x[=]em (57)
X

2
X
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The time constant of mixing, ¢, was calculated from equations (18)
and (19) at a radial distance rgy = 1 in.,

T =

S I

X [3 X (O.3hl;.£2.5h?]= 0.93 sec (58)

The intensity of segregation

IS = e—t/0-93’ t[=]sec (59)

is plotted vs mixing time in Fig. (15). At a downstream distance

X = 20 cm the velocity at the centerline of the central jet is:

(Vx)o = T6 em/sec (from equation 54). This velocity was used to cal-
culate a residence time in the reactor. This is a conservative esti-
mate as far as mixing because the jet velocity drops continuously
downstream, and the central jet is the faster one; in addition the
velocity profile has its meximum at the center line of the jet reach-
ing the value Vg = 56 cm/sec at the most, towards the boundaries of
the expanding nozzle of the reactor. A mixing time based on the

Im =~ 35 cm reactor length and the volume velocity was calculated as

t = (35 em)/(76 cm/sec) = 0.46 sec, giving Ig = 0.60 for the intensity
of segregation, i.e., 4O% mixing. Hence, even this conservation esti-
mate gives an adequate degree of reactants mixing in the case of
Zn,Ti0, production.

B. Equipment Design and Modification

A silicon carbide tube furnace was modified to incorporate the
reactor design based on the mixing studies, Fig. 16. Temperature
capability was extended beyond 1800°C with a high frequency induction
furnace utilizing the improved reactor design, Fig. 17. This reactor

provides the localized induction heating and adequate mixing of the
reactant gases.
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Figure 15. Reactor Mixing Performance for Zn,TiO,
Production
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IITI. EXPERIMENTAL RESULTS

Zinc Orthotitanate

Formation of Zn,Ti04 from homogeneous nucleation in the vapor
phase was attempted using the following reaction:

27nCl, + TiClg + UH, + 4CO, + ZnyTi0, + 8HCL + LCO (60)

The silicon carbide tube furnace was used with hydrogen injected through
the central injector tube. Titanium chloride was injected through the
alumina tube sbove the ZnO chlorinator and Cl,, CO and CO, were injected
into the ZnO chlorinator. System conditions and phase analysis for the
Zn,Ti0,4 runs are summarized in Table 3.

Powder was deposited on the wall of the reaction tube gbove the
hot zone (Zone #1) and on the metal Tee sbove the reaction tube (Zone #2).
Traces of Zn,TiO, were deposited in Zone #1 along with ZnO in run 1
and ZnO and ZnCl, in run 2.

TABLE 3: ZnyTiO4 RUN CONDITIONS

Run 1 2

Temperature °C 1495 1450
Cls to ZnO (cc/min) L5 100
Cl, to Ti (ce/min L5 50
co (ce/min) 100 100
COp (ce/min) 100 50
Ho (ce/min) 200 200
Total Pressure (xmHg ) 150 350
Phase Analysis Zone 1 (1) ZnoO (1) zZnO

Zone 2

(2) Zn,Tio, (Tr)

(1) 2ZnCl,

(2) ZnC1,

(3) ZnsTi04 (Tr)

(1) ZnCl,

- (2) Zn
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CONCLUSIONS

1. Mixing calculations and reactor design should provide conditions
for adequate mixing of the reactant gases.

2. Zinc orthotitanate powder was produced using the modified reactor.
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